Experiments were performed using a thermogravimetric analysis (TGA) system by Pacific Northwest National Laboratory (PNNL) to study the drying behavior of the K-Basin spent nuclear fuel (SNF) internal sludge and two different surface coatings of SNF elements. These measurements were conducted in support of the safety and process analyses of the proposed Integrated Process Strategy (IPS) to move the N-Reactor fuel stored at K-Basin to an interim storage facility. These limited experiments on the corrosion products of K-Basin SNF material were part of the broad studies performed to ascertain the bounding pressurization of the Multi-Canister Overpack (MCO).
iii
Summary
Experiments were performed using a thermogravimetric analysis (TGA) system by Pacific Northwest National Laboratory (PNNL) to study the drying behavior of the K-Basin spent nuclear fuel (SNF) internal sludge and two different surface coatings of SNF elements. These measurements were conducted in support of the safety and process analyses of the proposed Integrated Process Strategy (IPS) to move the N-Reactor fuel stored at K-Basin to an interim storage facility. These limited experiments on the corrosion products of K-Basin SNF material were part of the broad studies performed to ascertain the bounding pressurization of the Multi-Canister Overpack (MCO).
Seven SNF internal sludge samples taken from different damage regions of three damaged/corroded outer K-Basin SNF elements were dried. Additionally, two surface coating samples taken from two SNF elements stored at K-West were tested. All the tests were performed in a vacuum atmosphere with the same temperature ramp rate of about 0.4 o C/min. Each TGA test sample was weighed before and after the test on a balance located in the Shielded Analytical Laboratory hot cell. The test samples were vacuum dried in the TGA system for about 24 hours prior to heating them at the rate of 0.4 o C/min. The observations from the weight change data are summarized below.
A fraction of the SNF internal sludge was reactive and was readily oxidized by the background gas in a vacuum of about 10 -3 torr. The oxidation reaction occurred within the entire test temperature range of about 30 to 550 o C. The weight gain associated with the oxidation reaction made it very difficult to accurately ascertain the thermal dissociation of the hydrated fraction (i.e., the weight loss) of the internal sludge samples. Nonetheless, during the runs, the samples at certain period(s) showed weight losses which were attributed to thermal decomposition of the hydrated fraction of the sludge. The dehydration of the sludge by thermal decomposition for most of the runs occurred at temperatures below 500 1 also showed a major dehydration peak at about the same temperature range, suggesting that the hydrated phase of the internal sludge may be the same as that of the canister sludge. This inference from the weight measurements is supported by an x-ray diffraction (XRD) analysis that identified the uranium trioxide hydrate as a component of the internal sludge. However, the fraction of the internal sludge that was hydrated may have been small compared to the canister sludge.
The coating sample cs4 yielded the highest moisture content of all the corrosion products tested. This coating lost about 26 weight percent of its initial weight for the two samples tested. The decomposition characteristics and the color of the dried sample suggest that the initial material may be aluminum hydroxide, Al(OH) 3 . The thermal decomposition of this coating started at temperatures slightly above 100 o C and showed two decomposition peaks at temperatures of about 117 o C and 274 o C. And, the decomposition reaction was essentially complete at a temperature of 400 o C, which agrees with the iv literature data on vacuum drying of aluminum hydroxides. 1 The measured weight loss of 26 weight percent is less than the theoretical water content of Al(OH) 3 (i.e. Al 2 O 3 @3H 2 O) which is 35 weight percent and the difference may be due to the following:
• impurities in the coating sample
• non-stoichiometric coating sample due to loss of some water molecules during the prior sample drying at ambient conditions
• system measurement accuracy including sample loss during transfer.
The reddish brown coating sample, cs7, had more moisture content (i.e., weight percent) than the internal sludge samples but less than the aluminum hydroxide sample (cs4). Hydrated iron oxide has been identified as the main chemical phase for the cs7 coating sample by an XRD analysis. The decomposition reaction of this coating started below 100 o C and the weight loss process continued throughout the temperature range of the run. The characteristics of the observed weight loss curves for the two runs were very similar for most of the temperature range except that the duplicate run showed a significant weight loss at a temperature of about 500 o C. Additionally, the total weight loss by the duplicate run (i.e., 10 weight percent) is higher than that of the first run (i.e., 3 weight percent). The observed differences in weight loss by the two runs may be due to samples with different initial hydrated fractions. 1.1
Acronyms

Introduction
The corrosion process of the water-stored N-Reactor spent nuclear fuel (SNF) in the Hanford 100-Area K-Basins generated two main products that will influence the water inventory in a packaged Multi-Canister Overpack (MCO). The corrosion products have generated coating deposits on cladding surfaces and trapped sludge in the internal cracks of damaged/corroded SNF elements.
The coating material may have resulted from saturated corrosion products of the uranium core of the SNF, the storage containers which were stainless steel and aluminum (Abrefah 1994) , and the structural materials in the basin (steel). The internal sludge material has been generated by extensive fracturing of some of the SNF elements. A fraction of the loose particulates from the spallation of the uranium oxide ends up trapped in the cracked locations of the element. Depending on the pretreatment method used during the SNF conditioning process for preparing the SNF, some of the coating material and the internal sludge will end up in the MCO. A proposed cleaning method for removal of the coating materials from the surfaces of the SNF elements and the loose corrosion products was tested on limited SNF elements (Maassen 1997) .
Both the internal sludge (mainly oxides of uranium) and the cladding surface coating material have large surface areas for adsorption/absorption (physically bound) of water in addition to hydrates (chemically bound) that have been identified (uranium oxyhydrates and aluminum hydroxides). The physically and chemically bound water will be the primary source of gaseous product that can pressurize the MCOs during storage. Water released by the oxyhydrates can also react with the exposed metallic uranium of damaged/corroded fuel elements to generate hydrogen during transport, staging, and storage. The Integrated Process Strategy (IPS) (WHC 1995) has developed process steps intended to dry the SNF to an expected product specification prior to sealing it in the MCO for dry storage. The drying behavior of the materials that will be sealed in the MCOs must be determined to ensure that the storage environment does not exceed the storage facility safety basis or design accident analyses. This report discusses a study conducted by Pacific Northwest National Laboratory (PNNL) to evaluate the drying behavior of the internal sludge and the coating material of some K-Basin SNF shipped to the Postirradiation Testing Laboratory for characterization.
2.1
Experimental Method
The SNF internal sludge and coating drying studies were performed using a thermogravimetric system installed in a laboratory at the Radiochemical Processing Laboratory building. The internal sludge samples were collected from three outer N-Reactor fuel elements that were shipped from the K-Basin to the PTL for both destructive and nondestructive examination. A brief discussion of the experimental system and the test samples are in the sections below.
TGA/DSC/MS System
The testing was conducted using a Netzsch STA 409 Thermogravimetric/Differential Scanning Calorimeter/Mass Spectrometer (TGA/DSC/MS) skimmer graphite furnace system. A schematic representation of the TGA/DSC/MS testing system is shown in Figure 2 .1. The system is made up of four chambers; a mass spectrometer (MS) chamber, an intermediate chamber, a sample reaction chamber and a balance chamber. The mass spectrometer chamber houses the quadrupole mass spectrometer (QMS) and it is pumped by turbo-molecular pump to a baseline vacuum pressure of about 10 -7 torr. The intermediate chamber separates the MS chamber from the atmospheric reaction chamber and it is pumped by a mechanical pump to a base pressure of about 10 -3 torr without a load. The sample chamber houses a thermogravimetric sample carrier that has the sample thermocouple (i.e., S-type). The sample carrier is connected to the analytical balance. Gas inlet and outlet lines are connected to this chamber to supply the reactant gas. The quartz sample crucible with dimensions of 15 mm outside diameter, 12 mm inside diameter, a depth of 7.2 mm, and a height of 9 mm, is mounted at the end of the sample carrier (Figure 2 .1). The average tare weight of the sample crucibles was about 1.2 g. The sample chamber is resistively heated by graphite elements that are protected by ultrapure helium gas flow through the element shell chamber. The analytical balance chamber houses the electrobalance and a gas inlet to the chamber that allows it to be purged by either an inert gas or the reactant gas. The temperature of the analytical chamber is maintained at ambient conditions by a series of heat shields in the sample chamber and water cooling at the joint that separates this chamber from the heated sample chamber.
Test Samples
SNF Internal Sludge Samples
The SNF internal sludge samples used for the drying studies were taken from the damaged areas of three SNF elements: 5427E, 6743U, and 7913U. Shown in Table 2 .1 are the identifications of the internal sludge samples and the SNF elements damaged regions where they were collected. A detailed description of the method used to collect both the internal sludge and the coating samples is given in a report by Pitner (1997) . Element 5427E was selected from the K-East Basin and has major damage at both ends as shown in Figure 2 .2. The internal sludge sample ssl1 was collected from the top end, sample ssl3 came from the bottom end, and sample ssl2 was collected from the hanger and may contain particulates from both damage areas. Figure 2 .3 shows the damaged midsection and the bottom of SNF element 6743U, taken from the K-West Basin. The internal sludge samples ssl4 and ssl5 were collected from the damaged midsection and bottom of SNF element 6743U, respectively. The other two internal sludge samples (ssl7 and ssl8) were collected from SNF element 7913U that was also stored at the K-West Basin. 
SNF Element Surface Coatings
The coating samples were taken from the cladding surfaces of two SNF elements that were stored in the K-West Basin. The grayish flake-like coating sample, cs4, was collected from SNF element 0161M (Figure 2.4) , and the orange coating sample, cs7, came from SNF element 2667U.
Sample Preparation and Testing
The sample crucibles, fabricated from quartz, measured 15 mm outside diameter, 12 mm inside diameter, and 7.2 mm deep, with an overall height of 9.0 mm. For each TGA run, the crucible was filled with about 100 to 200 mg of either the internal sludge or coating sample, weighed, and mounted on top of the TG sample carrier. Each sample was also videotaped in the Shielded Analytical Laboratory (SAL) hot cell before transfer to the TGA laboratory (Lab. 414) for testing. The test samples were vacuum dried in the TGA system at ambient conditions for about 24 hours as a pretreatment to remove any free water component prior to heating. All the drying tests were performed under vacuum conditions of about Additionally, a sample was taken out of the internal sludge ssl2, homogenized by mixing and crushing in a container (as best as it can be done in a hot cell), and divided into three equal portions for testing. Each of the three ssl2 subsamples was subjected to one of the following three testing processes. 
Analytical Results and Discussion
Plots of the weight change versus time for the SNF internal sludge drying are shown in Figures 3.1  through 3 .4. The summaries of the tests for the internal sludge are listed in Table 3 .1. The drying results for the two coating samples cs4 and cs7 are shown in Figures 3.5 and 3.6 and the weight changes are listed in Table 3 .2. Results of the runs not shown in Figures 3.1 through 3 .6 are given in the Appendix. The observed slope change for the temperature line may have been caused by the furnace controller. Figure 3 .1a shows the drying results of SNF internal sludge sample ssl1. This plot represents one of the drying tests in which a small sample size of about 100 mg was used. The sample gained weight for the temperature range (ambient to 543 o C) of the test. The weight gain is nonlinear and it is higher at the initial stages but decreased with increasing time and temperature. The total weight gain by the sample is 6.6 mg which is about 6 weight percent of the initial weight (i.e., 104.5 mg) of the sample. The beforeand after-test weight measurement also yielded a weight gain of about 5.4 mg. The drying tests were performed using a crucible without lids and this has made it difficult to transfer the samples between the hot cell (where the weight measurements are performed) and the glove box (where the TGA system is installed for the drying tests) without a loss. Notwithstanding this difficulty, the two weight gain measurements agree very well.
Internal Sludge Data
The rerun with larger sample size for the internal sludge sample ssl1 is shown in Figure 3 .1b. The sample size was increased in the rerun with the objective of possibly increasing the hydrated fraction of the testing sample. Due to some unknown behavior, either by the sample or the system, the weight change curve for this rerun shows an erratic behavior. Overall the sample shows a net weight gain which is supported by the before-and after-test weight measurement in Table 3 The drying results of internal sludge sample ssl2 with an initial weight of about 106.9 mg (almost the same as ssl1 for TGA Run 52, Figure 3 .1a) are shown in Figure 3 .2a. This ssl2 sample (Figure 3.2a) showed a net weight increase but the shape of its weight gain curve is different compared to that of ssl1 in Figure 3 .1a. The ssl2 sample (Figure 3 .2a) lost a small amount of weight, about 0.6 mg, at the initial stages of the test. This initial weight loss was followed by a continuous weight gain after a temperature of about 150 o C. Also the rate of weight increase for the ssl2 sample is very close to a linear rate whereas that of the ssl1 represents a parabolic behavior. The total weight gain by the ssl2 sample is 7.5 mg yielding a net weight gain (total weight gain -weight loss) of about 6.9 mg. Despite the differences in the shape of the weight change curves (Figures 3.1a and 3.2a) , the net weight gains by the two internal sludge samples with initial weight of about 100 mg are very close to each other.
The weight change versus time plot for a rerun sample of ssl2 is shown in Figure 3 .2b. The initial weight of this sample was 205.5 mg (i.e., about twice what was used in the first ssl2 run). The sample size was increased in the rerun with the assumption that it might yield greater weight loss measurement for the estimate of the fractional component of the sludge that was hydrated. The smoothed weight change curve in Figure 3 .2b shows a clearly defined segment where the sample lost weight. The weight loss started when the sample temperature reached about 194 o C and continued until the temperature reached about 495 o C. The total weight loss by the sample for that range in temperature was about 4.3 mg. Prior to the segment of weight loss, the sample gained a weight of about 3.8 mg. Following the weight loss segment, the sample showed a weight gain. The weight loss in this run occurred at the same temperature range that the duplicate run (TGA Run 60) of sample ssl1 (Figure 3.1b) showed a weight loss. Also it is about the same temperature that the K-East canister sludge drying studies by Abrefah et al. (1998) lost most of the hydrated water by thermal decomposition. The analyses of the decomposition mechanism of the K-East canister sludge together with XRD analysis inferred that the hydrated phase was a uranium trioxide hydrate. The slight similarity between the SNF internal sludge and the canister sludge, and the XRD positive identification of the schoepite phase in two of the internal sludge samples (Jenson 1998), therefore, suggests that the hydrated component of the internal sludge might be the same as the canister sludge (i.e., uranium trioxide hydrate). Above 495 o C, the sample resumed its weight gain behavior and gained about 4.8 mg. The observed weight gains may be due to oxidation reaction of the internal sludge with the atmosphere of the TGA system that was about 10 -3 torr. The reactant gas in this case is a mixture of moisture and air. Comparatively, the significant difference between this run (TGA Run 59) and the TGA Run 53 (Figure 3 .2a) may be due to sample heterogeneity characteristics. Thus, depending on what fraction is used in the testing, different features relating to reactivity and decomposition may be observed. Figure 3 .3a shows the drying results for the first run (TGA Run 55) using the internal sludge sample ssl7. This run showed only small changes in weight. The weight change curve shows an overall weight gain of about 3 mg by the sample, which is in close agreement with the before-and after-test weight gain of about 2.1 mg (Table 3 .1). The other significant observation for this run is the small weight loss by the sample at a temperature of about 200 o C. This is the same temperature region where the other internal samples ssl1 (Figure 3 .1b) and ssl2 (Figure 3 .2b) also showed a weight loss.
The rerun for SNF internal sludge ssl7 with an initial sample weight of 215.7 mg is shown in Figure 3 .3b. The weight change curve for this run shows a continuous weight loss by the sample for the entire temperature range. This observed weight loss is different compared to all the previous drying results for internal sludge samples ssl1 (Figures 3.1a and 3 .1b) and ssl2 (Figures 3.2a and 3.2b) . Also the weight change behavior is different compared to that of the similar ssl7 sample in Figure 3 .3a (TGA Run 55). However, the total weight loss by this ssl7 sample, about 4.2 mg, compares favorably with the observed weight losses by the reruns of ssl1 (Figure 3 .1b) and ssl2 (Figure 3.2b) . The observed differences in the weight change behavior for each TGA run supports the inference of sample heterogeneity. The observed differences from run to run may be due to difficulty in measuring very small changes within a noisy signal. Since only small sample sizes of the sludge were tested, the sample heterogeneity behavior adds another degree of difficulty in analyzing the internal sludge data.
3.10
Three additional experiments were performed with the objective of understanding and if possible, separating out the oxidation process from possible thermal decomposition reactions. The drying results for these three tests are shown in Figure 3 .4. In Figure 3 .4a is shown the weight change curve for the ssl2 sample that was not pretreated but was heated in vacuum at the ramp rate of 0.4 o C/min. The weight change shows characteristics similar to the other drying curves of Figures 3.1 and 3.2. That is, the internal sludge samples showed both weight gains and losses. The results plotted in Figure 3 .4b are for the ssl2 sample that was preoxidized in vacuum (10 -3 torr) at about 100 o C before the temperature was ramped from ambient to 550 o C for the drying studies. This ssl2 sample showed more weight gain than the untreated sample (Figure 3.4a) . But the expanded plot of a segment of the weight gain curve ( Figure A.4) clearly shows a weight loss by the sample starting at a temperature of about 200 o C. In Figure 3 .4c, the ssl2 sample was oxidized in dry air at about 100 o C before the drying studies were performed in vacuum at the same ramp rate as the others. The prior oxidation process seems to have reduced the oxidation reaction of the sample during the drying run, but failed to give a well-defined weight loss measurement that can be ascribed only to dehydration reaction.
Surface Coating Data
Figures 3.5a and 3.5b show the drying results of two duplicate runs using the SNF coating sample cs4. The samples in both runs lost weight. The weight loss was due to thermal decomposition of a hydrated compound. In Figure 3 .5a, the sample lost about 58.4 mg (i.e., 26 weight percent based on the initial weight of the sample). The duplicate run in Figure 3 .4b shows a weight loss of about 56.5 mg that is also 26 weight percent of the initial sample weight. Thus in both runs, each coating sample lost the same percent of its initial weight suggesting a good reproducibility of the tests. The good agreement between the two runs also suggests that the coating sample was a homogeneous sample.
The weight loss curve of The results for two runs using the reddish brown coating cs7 are shown in Figure 3 .6. In Figure 3 .6a, the sample lost about 6.5 mg, but a second run using a duplicate (Figure 3 .6b) sample of the cs7 coating showed a weight loss about 19.9 mg. The two weight losses constitute about 3 weight percent and 10 weight percent of the initial weight of the samples for TGA Runs 65 and 66, respectively. In particular, the substantial high-temperature weight loss in Figure 3 .6b (TGA Run 66) is not seen in Figure 3 .5a (TGA Run 65). If the difference between the two runs is accurate, then it may be due to sample 3.11 heterogeneity caused by either impurities or a mixture of different hydrated iron oxides. The data supporting the impurity effect is the identification of calcite (CaCO 3 ) in sample cs8 which was a sibling sample of cs7 by an XRD analysis (Jenson 1998) . The XRD spectrum of the reddish coating sample cs8, Figure A .11, identified the material to be hydrated iron oxide with an impurity of calcite (CaCO 3 ). Having a calcite phase in the sample used for TGA Run 65 will lower the hydrated fraction and consequently yield a lower weight loss measurement. The hypothesis of having a mixture of different hydrated iron oxides is supported by XRD spectrum of similar coating material, cs2, taken from SNF element 6743U. The spectrum of the cs2 sample is shown in Figure A .12 together with the stick figures that show all the probable chemical phases. However, the observed weight loss difference in the two runs, TGA Run 65 (Figures 3.6a) and TGA Run 66 (Figure 3 .6b) may be ascribed to the impurity effect since the cs8 sample came from the same SNF element surface. If the cs7 samples used in the runs have the same chemical phase constituent as the XRD analyzed cs8 sample, then the weight loss measured was due to thermal decomposition of the FeO(OH). The decomposition reaction is
The maximum theoretical weight loss for the above reaction is 20 weight percent of the initial sample weight.
4.1
Conclusions
The SNF internal sludge has a fraction that was reactive and readily oxidized by the background gas in a vacuum of about 10 -3 torr. The oxidation reaction occurred within the entire test temperature range of ambient to 550 o C. The weight gain associated with the oxidation reaction made it difficult to ascertain the decomposition characteristics of the internal sludge. However, at certain periods of the runs, and in some cases, the internal sludge samples lost weight that was attributed to thermal decomposition of certain hydrated fractions of the sludge; and, the decomposition occurred within the test temperature range.
For most cases, the observed weight loss by the SNF internal sludge started at a temperature of about 200 o C. At about the same temperature, the K-East canister sludge thermal decomposition curves showed a major peak temperature suggesting that the hydrated component of the internal sludge may be the same as was identified for the K-East canister sludge, uranium trioxide hydrate. This inference is supported by an XRD identification of a schoepite phase (i.e., UO 3 @2H 2 O) in the samples ssl3 and ssl2.
The coating sample cs4 yielded the highest moisture content of all the corrosion products tested. It lost about 26 weight percent of its initial weight. The decomposition characteristics and the color of the dried sample suggest that the initial material may be aluminum hydroxide, Al(OH) 3 . The thermal decomposition of this sample started at temperatures slightly above 100 The reddish brown coating sample, cs7, has more moisture content (i.e., weight percent) than the internal sludge samples but less than the aluminum hydroxide sample (cs4). XRD analysis of this coating (Jenson 1998 
